Metabolic strokes are a notable feature associated with acute catabolic crises in patients with propionic acidemia. Despite their importance, these events are not well characterized. Here, we present the clinical history of a patient with propionic acidemia who developed 5 episodes of acute hemiparesis between 3 and 11 years of age. The clinical finding of hemiparesis associated with 4 of these 5 events were shorted lived (2-5 days). Neuroimaging showed signal changes in the basal ganglia manifesting many years following the initial episode. Two of the episodes were accompanied by definite seizures. Based on these factors, the hemiparetic events were most consistent with metabolic strokes, though what is distinctive is that most of the events occurred without evidence of metabolic decompensation; brain magnetic resonance imaging findings were not suggestive in the acute setting. We present a framework for evaluating suspected metabolic stroke in propionic acidemia, in light of the sometimes perplexing clinical heterogeneity underlining these events.
In propionic acidemia, injury to the central nervous system can cause a wide range of neurological problems, 5 but what differentiates metabolic strokes from these other presentations is their tendency to cause neurological symptoms that are more focal or severe than typically expected of propionic acidemia crises. Although the ongoing symptoms can be variable in length and are often reversible with appropriate treatment of metabolic abnormalities, there is strong evidence they are associated with negative long-term developmental outcomes. 5, 6 In general, the neurologic manifestations of metabolic strokes can be quite severe, ranging from varying degrees of mental status change to complete neurological collapse, with or without superimposed focal deficits. In addition, there is usually laboratory evidence of metabolic decompensation occurring at the same time as, or immediately prior to, symptom presentation. In some cases, during periods of biochemical derangements, affected individuals demonstrate hemiparesis/hemiplegia that may persist to varying degrees. In these instances, there may not be imaging finding in the brain to suggest acute hemorrhage or ischemia.
In this report, we present a case of a child with propionic acidemia who presented with recurrent episodes of acute marked hemiparesis concerning for metabolic stroke. Many of these events were not accompanied by biochemical evidence of metabolic decompensation nor any sign of metabolic encephalopathy in 3 of the events. In 4 of the 5 events, associated neurologic deficits resolved within 2 to 5 days. Moreover, brain magnetic resonance imaging (MRI) findings were not suggestive of a diagnosis in the acute setting. In light of the sometimes perplexing clinical heterogeneity underlining similar events described in the literature surrounding metabolic strokes in propionic acidemia and our patient, we suggest a framework for evaluating suspected metabolic stroke in propionic acidemia.
Case
The patient is a recently deceased 22-year-old male diagnosed with propionic acidemia during his first week of life. He was born at full-term gestation via cesarean delivery secondary to breech presentation. Following an unremarkable 2-day course in which he was breastfed, on day of life 3, he developed symptoms of poor feeding that progressed to hypothermia, hypoglycemia, and marked hypotonia. His laboratory work revealed mild metabolic acidosis (serum bicarbonate 15 mEq/L), mild hyperammonemia (83 mmol/L), marked ketonuria, very low carnitine levels, and a urine organic acid pattern consistent with propionic acidemia. He was started on a protein-restricted diet and carnitine therapy during days of life 3 to 5, and his diagnosis was confirmed by absent propionyl CoA carboxylase activity in white blood cell pellet extracts, with no response to biotin (laboratory of Bruce Barshop, MD, PhD, University of California San Diego, personal communication, 1995).
Despite ongoing appropriate treatment since that time, he had several episodes of metabolic decompensation during childhood. He had 4 significant hyperammonemic episodes (ammonia between 150 and 200 mmol/L) associated with metabolic ketoacidosis (pH 6.9-7.0) during his first 3 years of life. Over the next year, he was hospitalized 4 to 6 times due to ketoacidosis crises. These events were associated with hyperammonemia and acidosis, often following a prodromal viral infection, and they responded to intravenously (IV) fluids (D10 ¼ normal saline (NS) or ½ NS at twice daily maintenance rate) and IV carnitine (25-50 mg/kg IV every 6 hours).
The first episode that raised the possibility of a metabolic stroke occurred when he was 3.5 years old (see Table 1 ). He presented with severe ketoacidosis (venous pH 7.21, bicarbonate 8 mEq/L) and normal initial ammonia (25 mmol/L), and he was treated with IV dextrose electrolyte fluids and carnitine as stated previously. However, although his metabolic derangements were improving over a 12-hour period, he demonstrated 4 brief (60-100 seconds each) focal to bilateral tonic-clonic seizures whose semiology included rightward eye deviation and prolonged (2 minutes) right arm jerking during the fourth spell. At that time, venous pH was 7.23 and measured bicarbonate was 11 mEq/L, though these values had been improving until that point. Notably, ammonia was minimally elevated (82 mmol/L, maximum during the episode).
He became apneic requiring intubation and remained comatose for 3 days followed by 3 months of inpatient hospitalization and inpatient rehabilitation. Afterward, he demonstrated 9 months of severe choreoathetosis with left-greater than rightsided weakness. He clinically recovered completely, but only after 9 months. Notably, however, multiple head computed tomographies (CTs), MRIs, and electroencephalographies (EEGs) during this time showed no abnormalities to explain his presentation and initial course.
Subsequently, he had 4 more episodes concerning for metabolic stroke, between the ages of 6 and 11 years (see Table 1 ). All of them were associated with acute onset of marked rightsided hemiparesis (involving his right upper and lower extremity and occasionally his face), with or without seizures or encephalopathy, with near-complete resolution within 2 to 5 days. Two of the episodes were associated with infectious prodromal symptoms during the week prior to presentation. However, 3 of the 4 episodes, at ages 6, 9.8, and 10.5 years, were not associated with encephalopathy or seizures.
Neuroimaging findings were mixed. Brain MRI during one of the episodes when he was 6 years old showed involvement of the basal ganglia with increased T2 fluid-attenuated inversion recovery signal in the caudate and putamen, in addition to hyperintensities in the cortex and subcortical white matter (see Figure 1 ). Brain MRI during the episode at 7.5 years of age showed findings of subtle hyperintensity in the left frontal lobe, parietal lobe, insular cortex, and singular gyrus. Head CT or brain MRI during the other episodes did not show findings related to the acute presentation.Of note, none of these episodes was associated with significant hyperammonemia and only one, the first episode, exhibited significant ketoacidosis. Occasionally, mild ketoacidosis was observed on the second day (eg, at age 6 years, he exhibited a bicarbonate of 22 with an ammonia of 46 mmol/L on presentation, but on the next day, he demonstrated a bicarbonate of 15 mEq/L with an ammonia of 76 mmol/L which on repeat was 36 mmol/L). During the clinical presentation at 7.5 years of age, initially the patient had no evidence of metabolic decompensation based on serum biochemistry (ammonia 35 mmol/L, bicarbonate 20 mEq/L, pH 7.4), but his cerebrospinal fluid lactate was elevated (5.22 mmol/L). Of note, his plasma amino acids were normal during that time.
In all cases except the first, there was improvement in the initial marked hemiparesis by discharge, with complete resolution in 2 to 5 days. Long-term apparent sequelae included intellectual disability (scattered developmental abilities at the 18-to 36-month-old level at 18 years of age), cortical visual 2
Child Neurology Open and auditory impairment, generalized mild hypertonicity, intermittent intention tremors, and mild ataxia. During the second decade of life, he presented with fewer episodes of typical but mild propionic ketoacidemic crises, always associated with concomitant common infection (influenza, sinusitis, viral pneumonia); during some years, there were 2 to 3 hospitalizations, while during others, there were one or none. None of these episodes had evidence of hemiplegia on physical examination. The patient ultimately died at 22 years of age from an unexpected prolonged arrhythmic event in the absence of any clinical or biochemical findings for a preceding or concurrent typical propionic ketoacidemic decompensation.
Discussion
Metabolic strokes play an important role in the natural history of propionic acidemia, yet they often present with a confusing range of signs and symptoms, as evident by our patient. The definition of this clinical entity needs to be clarified because it is not merely the presence of a focal deficit or neurological collapse in the context of metabolic derangement. At times, there are no imaging correlates with metabolic strokes, in contrast to vascular strokes, and there may not be associated biochemical changes. Although metabolic stroke has been reported more commonly in methylmalonic academia compared to propionic acidemia, stroke-like episodes in patients with propionic acidemia are increasingly recognized. 7 Not surprisingly, it is often necessary to exclude other causes before making a diagnosis. This patient with propionic acidemia developed 5 episodes of acute hemiparesis (4 of which affected his right side) concerning for metabolic strokes between the ages of 3 and 11 years. All of the events were transient in nature, with symptoms lasting between 2 and 5 days in 4 of the 5 episodes, suggesting that a permanent process was not in effect. Neuroimaging (either MRI or CT of the brain) did not reveal any evidence of an acute vascular stroke. Bilateral signal changes in the caudate and putamen, which may be the consequences of metabolic compromise, ultimately manifested many years following the initial severe metabolic stroke-like episode at 3.5 years of age, similar to those observed in earlier reported studies. 5, 8 These neuroimaging changes did not seem to correspond with the physical examination findings of unilateral hemiparesis. There was no history of other symptoms to suggest migraines. During the rapidly transient episodes, the patient was alert and interactive, trying to voluntarily overcome the hemiparesis in attempted ambulation and directed tasks. Two of the episodes were accompanied by definite seizures, which can occur alongside metabolic strokes, complicating the diagnosis. However, on other occasions, EEGs did not suggest epileptic changes. After excluding other causes (including transient ischemic attack, vascular infarction, migraine, and Todd paresis) and recognizing the occasional clinical contributions of other conditions (seizures), the best explanation for this patient's presentations of acute but reversible hemiparesis is metabolic stroke.
Metabolic strokes occur in a number of metabolic and mitochondrial disorders. The prototypical model for metabolic strokes is mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome, with prevalence rates of metabolic strokes as high as 60%. The cerebral disturbance in MELAS syndrome commonly results from mitochondrial dysfunction in those brain regions. Confounding this clinical picture is the fact that patients with MELAS syndrome may have neuroimaging findings that can also be seen in vascular stroke. 1 Apart from mitochondrial defects, stroke-like episodes also occur in aminoacidopathies, urea cycle defects, lysosomal defects, and organic acidemias. 2 In propionic acidemia, the clinical manifestations of these events can be quite diverse 9,10 (see Table 2 for review of instances of possible metabolic stroke in patients with propionic acidemia, along with respective references). Hemiplegia caused by metabolic stroke in propionic acidemia has been reported a limited number of times in the literature. 11, 12 Focal deficits such as hemiparesis/hemiplegia, however, are not always present in metabolic strokes. Encephalopathy is a common initial presentation of metabolic strokes, occurring in 8 of the 10 reported cases (cases 1-3b, 5-7). Seizures were reported in 3 cases (cases 2, 5, and 7). One patient developed choreoathetosis, but the period of time of its development after his stroke-like episode is unclear (case 5). 13 Another patient presented with acute extrapyramidal symptoms including Parkinsonian features that responded to treatment with L-DOPA (case 4).
14 Finally, 1 patient died after developing large bilateral hemorrhagic lesions of the basal ganglia (case 6b). 15 In essence, metabolic strokes in propionic acidemia can be associated with a wide spectrum of symptoms, including Child Neurology Open hemiparesis, altered mental status, movement disorders, and death. Typically, stroke-like episodes occur along with evidence of biochemical deterioration (see Table 2 ). 10 However, in some cases, stroke-related episodes occur without significant metabolic decompensation, 13, 14 similar to many of the stroke-like events in our patient. Sometimes, determining metabolic control may require analyzing the cerebrospinal fluid in addition to the plasma. Illustrating this point is the patient described by Scholl-Bürgi et al (the 11-year-old girl with 3 stroke-like episodes during a 13-month period; cases 3a-c). In the first 2 episodes, she exhibited stable metabolic control based on plasma studies. However, during one of the episodes, she had cerebrospinal fluid studies performed in conjunction with plasma studies, and these showed elevated cerebrospinal fluid/plasma ratios for lactate, glutamine, and alanine and normal cerebrospinal fluid/plasma ratios for glycine.
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With or without biochemical evidence of metabolic decompensation, the basal ganglia (caudate, putamen, and globus pallidus) remains particularly vulnerable to injury during acute decompensation in propionic acidemia 10 (see Table 2 ). From these case reports, it is clear that the majority of instances of metabolic stroke are associated with abnormalities in the basal ganglia based on brain MRI. These imaging abnormalities may improve or completely resolve with time. This pattern of basal ganglia injury observed long after previous neurological symptoms have resolved is similar to what was ultimately observed in our patient (in whom the basal ganglia changes on MRI appeared many years after the first significant event at the age of 3.5 years). At the age of 3.5 years, his brain MRI did not show evidence of basal ganglia involvement. Perhaps injury to the basal ganglia still occurred but was not significant enough to be detected on MRI studies at that time. Presently, MR spectroscopy is of more widespread availability and may be useful to detect biochemical evidence of cerebral dysfunction when routine MRI is unrevealing in cases of suspected metabolic strokes. 1 In light of the clinical, biochemical, and neuroimaging diversity surrounding these events, we propose MRI along with serum biochemical studies (ammonia, blood gas, and bicarbonate) early on presentation (Figure 2 ). Electroencephalography may be helpful in cases of encephalopathy or abnormal movements concerning for seizure-like activity. Other triggering events should be explored including blood or cerebrospinal fluid studies to rule out infection, for example. The presence of seizures can greatly confound the clinical picture and exacerbate the patient's status; thus, it is crucial to treat clinical seizures expediently.
Brain MRI can be helpful in differentiating vascular etiologies (such as stroke) from nonvascular etiologies in cases of focal neurological deficits and/or mental status changes. During acute ischemic infarctions, depending on the time of the scan, MRI may show hyperintensity on diffusion-weighted imaging accompanied by hypointensity on apparent diffusion coefficient images. Similarly, during metabolic strokes seen with inborn errors of metabolism and mitochondrial disorders, MRI may also reveal hyperintensity on diffusion-weighted imaging, but this may be variable or delayed in time, such as exhibited in our patient.
Basic biochemical screening of blood and urine can be used to determine whether the patient is likely in a metabolic state of decompensation (ketoacidosis, hyperammonemia) associated with propionic acidemia. If there is evidence of metabolic derangement accompanying a focal neurological deficit, then the diagnosis of metabolic stroke can be considered.
However, if initial laboratories are normal or equivocal for metabolic decompensation (as in our patient during a few of his presentations), then comparing the cerebrospinal fluid biochemistry profile to the plasma biochemistry profile (amino acids and lactate), or evaluating the cerebrospinal fluid by itself, may draw out evidence of metabolic decompensation. Other forms of secondary biochemical testing to consider at this point are quantitative urine organic acids and plasma acylcarnitine profile. If these additional cerebrospinal fluid/urine/ blood tests still do not suggest metabolic decompensation, then a metabolic stroke may be less likely. Magnetic resonance spectroscopy may be helpful in evaluating metabolite alterations associated with acute decompensation. 18 Recent guidelines emphasized the importance of MRI especially during episodes of acute neurological changes. 7 As evidenced by our patient, the spectrum of presentations for metabolic stroke can be diverse, and during any individual episode, it may be difficult to obtain all of the studies needed to fully convince oneself that this is the appropriate diagnosis. If the etiology of any given episode is unclear, over time, the pattern of neuroimaging should help clarify the issue. Importantly, the potential for reversibility of quite dramatic physical examination findings such as marked hemiparesis should be kept in mind. This should help improve prognostic counseling of patients with propionic academia and related organic acidemias.
